Abstract: Generally, the plasmonic Fano resonances can be divided into two types: the electric and the magnetic Fano resonance. Compared to pure electric or magnetic multiple Fano resonances, the mixed electric/magnetic multiple Fano resonances provide more flexibility for their application in multiwavelength surface enhanced Raman scattering and biosensing. Whereas, the dramatic difference between the two Fano resonances makes it difficult to realize magnetic and electric Fano resonances together in the same structure. In this paper, magnetic-octupole mode based Fano resonance and electric-quadrupole mode based Fano resonances in optical frequency were together achieved in a combined square-shaped split-ring resonator with an internal square nanoantenna nanocavities. The two Fano resonances are switchable by adjusting the polarization of the incident light. The lineshape modulated by the geometry and the environment of the two Fano resonances was investigated. Both the Fano resonances show high sensitivity to the environment. This study reveals a new multiple Fano resonance constitution and the proposed structure, which are expected with benefit application in multiwavelength polarization modulated chemistry and biological sensing.
Introduction
Plasmonic Fano resonance, characterized by the sharp asymmetry line shape and high sensitivity to many parameters [1] - [3] , is expected for promising applications in biochemistry sensing [4] - [6] , optical modulation [7] - [11] , surface enhanced Raman scattering (SERS) [12] - [14] , and nonlinear optics [15] - [17] . Especially, the multiple Fano resonances can control over the optical response at several spectral positions simultaneously, thus promises for applications in multiwavelength photoelectric device [18] , [19] . Generally, the plasmonic Fano resonances are induced by the coupling of high order plasmonic modes with a broad dipolar continuum [20] , [21] , which can be divided into two types: the electric mode based and the magnetic mode based Fano resonance [22] - [25] . Compare to the pure electric-or magnetic multiple Fano resonances, the mixed electric-/magneticmultiple Fano resonances provides more flexibility by tuning the parameters. For example, the electric quadrupole Fano resonance and magnetic dipole Fano resonance excited in a seven identical nanocrosses structure, have been demonstrated can either be tuned simultaneously or independently within a wide spectral range by adjusting the geometrical parameters of the nanocrosses [26] .
In additional, due to the high sensitivity of the high order plasmonic modes to the polarization, the multiple pure electric-or magnetic Fano resonances are usually occurring only under a specified incident polarization, which limits its applications [22] , [23] . A promising way to realizing polarization modulated multiple Fano resonances is utilizing the mixed electric-/magnetic-multiple Fano resonances. Whereas, the dramatically differences between electric and magnetic mode, such as the different excitation conditions and their resonance frequencies far apart, makes it difficult to realize electric-mode and magnetic-mode based Fano resonances together in the same nanostructures.
The split ring resonator is a typical unit structure of artificial metamaterials to achieve negative magnetic permeability and negative refractive index because of its strong magnetic response [27] , [28] . The square-shaped split-ring can support both the high order magnetic and electric resonant modes, which would be considered as a good candidate to achieve mixed electric-/magneticmultiple Fano resonances [29] . In this paper, a combined square-shaped split ring resonator with an internal square nano-antenna (SSR/SN) nanostructure was designed to realize mixed electric-/magnetic-Fano resonances. The theoretical results revealed that the electric-quadrupole and magnetic-octupole Fano resonances are excited by the electric-quadrupole and magnetic-octupole resonant modes supported in square-shaped split-ring coupling with the bonding dipole mode supported in the SSR/SN. The two Fano resonances can be switched by adjusting the polarization direction. The dependence of line shape and the frequency of the two Fano resonances on the geometry parameter and the environment refractive index were investigated to evaluate its application prospect. Both the Fano resonances exhibit high sensitivities on the environment refractive index, and promises for applications in multiwavelength polarization modulated sensing.
Structure and Computational Method
The schematic geometry of the SSR/SN is shown in Fig. 1 , where a internal square nano-antenna (SN) is encircled by a square split-ring resonator (SSR). Simulation method of three dimensional finite-different time-domain (FDTD) was developed, where the gold dielectric constant is taken from the bulk value measured by Johnson and Christy [30] . The environmental medium setted as air (the index of refraction, n = 1), and thickness of the structures all setted as 50 nm. A linear polarized plane wave vertically illuminated the structure. The transmission spectra and charge distribution were calculated to investigate the Fano phenomenon.
Results and Discussion
The transmission spectra are calculated to analyze the resonant modes of the individual SN, SSR, and SSR/SN, as shown in Fig. 2 . For individual SN, the transmission spectrum is dominated by a dipole resonance at 608 nm regardless of the incident polarization. The charge distribution of the cross section was calculated at 608 nm to confirm the resonance properties, as shown in Fig. 2(d) (I), which reveals the typical feature of the dipole resonance. The spectra of the SSR are significantly different under the two polarization directions, as shown in Fig. 2(b) . When the polarization parallel to the split gap, there are two resonance dips II and III, originating from magnetic quadrupole and octupole plasmonic resonances [31] . When under perpendicular polarization, three electric plasmonic resonances, the dipole IV, quadrupole V, and octupole plasmonic modes VI are excited. The charge distributions of the corresponding modes are shown in Fig. 2(d) , where displays the typical characteristic of these resonance modes. It should be noted that the magnetic octupole mode at 653 nm, electric octupole mode at 611 nm and electric quadrupole mode at 712 nm at the visible frequency are close to each other. This is important for the realization of multiple Fano resonances, because the finite bandwidth of the broad dipole restricts the frequency range of the Fano resonances.
For SSR/SN, the interaction between the dipoles of the split-ring and the SN results in a bonding and an antibonding hybridized dipolar resonance. The antibonding dipole is subradiant because the dipole momentum of the disk is opposite with that of the split-ring, which restrains the radiative damping [18] . According to the charge distribution as shown in Fig. 2(c) and (d) , where the dipole moments of the SN and SSR are aligned oppositely, the resonance dip VII indicates as the antibonding dipole mode. However, the charge distribution and the spectral dip of the bonding mode cannot be observed directly due to the bonding dipole locating at higher energy overlaps with the high-order electric and magnetic modes.
The magnetic-and electric-Fano resonances are induced by the coupling of the high-order electric and magnetic with the bonding dipole. As shown in Fig. 2(c) , when the polarization is perpendicular to the split gap, a prominent Fano resonance peak (VIII) at 695 nm is appeared, which arises from the interference between the electric quadrupole mode of SSR (V) and the superradiant bonding mode of SSR/SN. Because of the Fano destructive interference, the resonance absorption dip V (see Fig. 2(b) , red line) reverses as a Fano peak VIII (see Fig. 2(c) , red line). The electric quadrupole based Fano resonance can be well explained through the charge distribution in Fig. 2(d) (VIII). The coupling effect related to electric octupole modes is not revealed because it locates at the edge of superradiant band and the energy overlapping with the superradiant band is very small.
When the polarization of incident light is parallel to the split gap, the Fano resonances are excited by the coupling of the magnetic mode with the superradiant band, which is similar to previous studies [29] . The octupole magnetic mode is spectrally overlapped with the superradiant band, giving rise to a significant Fano resonance peak in the spectrum (IX). The corresponding charge distribution reveals the origin of the Fano resonance [see Fig. 2(d) ]. The resonance frequency of quadrupole magnetic mode of SSR is out of the spectral range of the superradiant band, so the resonance II keeps almost unchanged as in SSR/SN nanocavities.
Because of the different coupling mechanism, the mixed magnetic/electric Fano resonances provides more flexibility for tuning factors, such as the polarization modulation and the geometry of the structure. Fig. 3 shows the two Fano resonances being tuned by the polarization. By tuning the polarization from the parallel (set as 0°) to the perpendicular (90°), the peak value of the magneticFano resonance decreases and the electric-Fano resonance reverses the evolution. The two Fano resonances can be switched on and off by adjusting the polarization direction. When polarization anlge is 45°, the two Fano resonances are simultaneously excited.
By adjusting the geometry parameters, the lineshape of the Fano resonances can be well tuned. In SSR, the magnetic mode frequency is proportional to (LC) −1/2 , where L is the inductance of SSR, C is the capacitance between the two arms [27] . The split gap in SSR is a plane-parallel capacitor with the capacitance proportional to the area of the two arm's cross section and inversely proportional to the split gap. Thus the gap width (g) and the width (w) of the arm of SSR can dramatically influence Fano resonances. The dependence of the spectra on the gap width g are calculated as shown in Fig. 4(a) and (b) . With increasing of the gap width from 20 to 180 nm, it can be clearly observed that both the Fano resonances blueshift. The maxmium intensity of the Fano resonance occurs when the resonance modes located at the band center of the bonding mode, as g = 140 nm. Fig. 4(c) and (d) shows the dependence of the transmission intensity on w of the SSR/SN. With increasing w, the line width of the superradiant bright mode becomes obviously broadening, attributed to the broadening of the SSR dipolar mode. Because the capacitance between the two arms increases, the magnetic mode frequency in SSR red shifts and subsequently the octupole magnetic Fano resonance red shifts from 659 nm to 728 nm with increasing w from 40 nm to 120 nm. When the incident polarization direction is perpendicular to the split gap, the line shape of the electric-Fano resonances is also remarkably modulated. The depth of the quadrupole electric Fano resonance decreases with increasing w, and disappeared when w is larger than 100 nm. In Fig. 4(d) , it arises a second Fano resonance (marked as X) when w is larger than 70 nm. The octupole electric mode (VI) redshift into the range of the bonding mode giving rise to the octupole electric Fano resonance (X). The depth of the octupole electric Fano resonance increases with increasing w.
The internal SN plays an important role in the plasmonic coupling, which can also considerably tune Fano resonance. Fig. 5(a) and (b) shows the dependence of the transmission intensity on the side length of (a) the SN the SSR/SN. With increasing a, the momentum of the internal SN dipole decreases, which brings about the broadening and red-shift of the bonding mode. Moreover, the coupling effect between the dipole of SSR and SN is enhanced, which leads to an increase of the absorption cross section of the bonding mode, and consequently the depth of the magnetic octupole mode based Fano resonance increases. With increasing of a, the depth of both the VIII and IX Fano peak first increase and then decrease when a is larger than 110 nm. The increase is caused by the coupling effect enhancement between the quadrupole and superradiant dipole mode. And the decrease is caused by the decreasing of the absorption cross section of the quadrupole mode influence by the internal SN. The octupole electric Fano resonance exists when a is less than 90 nm. With increasing a, the bonding mode red shifts, and the octupole mode resonance peak gradually shift out of the range of the bonding mode. Thus, the electric octupole based Fano resonance decreases with increasing a, and finally disappears at a = 110 nm.
To evaluate the performance of the SSR/SN applied for sensing, we investigate sensitivity of the Fano resonances to the enviorenment medium [32] . The figure of merit (FOM) is calculated, which is defined as the ratio of the refractive index sensitivity to the bandwidth of the resonance, FOM = δλ/λFWHM. Here, δλ is the refractive index sensitivity of the resonance and λFWHM is the full-width at half-maximum of the resonance. Both the Fano resonance peaks red shift linearly with increasing the environment refractive index as shown in Fig. 5(c) . The refractive index sensitivity of the two Fano resonances is obtained for ∼491 nm/RIU and ∼556 nm/RIU, respectively. The FOM of two Fano resonances are calculated with largest FOM of about 14 and 16 as shown in Fig. 5(d) , which is much better than the multiple electric-Fano resonance reported in the previous work [33] , [34] .
Conclusion
We have demonstrated that magnetic-and electric-Fano resonance at optical frequency can be together achieved in SSR/SN structure. According to the mode analysis, the two 
